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Experimental

Materials and Methods
The wollastonite base glass studied here belongs to the SiO 2 -Al 2 O 3 -CaO-Na 2 O system, and its preparation and chemical composition have been described by Teixeira et al. 12 Differential thermal analysis (DTA) was performed using a SETARAM Labsys Thermal Analyzer. The samples were analyzed in platinum crucibles with calcined Al 2 O 3 as a reference material from room temperature to 1523 K at heating rates of 5, 10, 20, 30, 40 and 50 K·min -1 .
The obtained data were analyzed using the Friedman 19 and Kissinger-Akahira-Sunose 20, 21 isoconversional methods; the IKR, IKP, and the integral and differential master plots as it is described below.
Kinetic methods
Isoconversional methods
The employed isoconversional methods are based on dynamic DTA. The equation for the reaction rate used to study the degree of crystallization can generally be expressed as:
dα/dt=k(T)·f(α).
where α is the extent of the reaction, k(T) is the rate constant expressed by the temperaturedependent Arrhenius equation and f(α) is the reaction model function. Taking into account that under non-isothermal conditions, dα/dt = (dα/dT), where -1 ), Eq.
(1) can be rewritten as: where T is the temperature, A is the pre-exponential factor, R is the gas constant, and E a is the activation energy, which is independent of conversion.
By taking the logarithm of each side of Eq. (2), the Friedman differential isoconversional method is obtained:
and the rate equation can be expressed in its integral form as:
Assuming that the p-Doyle function [22] , p(E a /RT), can be expressed using the Murray and White approximation [23] , the Kissinger-Akahira-Sunose (KAS) model-free method can be originally obtained by applying:
In this case, the method does not require knowledge of the conversion-dependent functions (f(α α)), and the only assumption is that the process follows the same reaction mechanism for a given degree of conversion, regardless of the crystallization temperature.
Model fitting methods
These methods obtain the kinetic parameters with a single heating rate. In this work, the following methods have been employed: -the integral method, known as the Coats-Redfern (C-R) method: 24 -the differential method (D), which is based on Eq. (3): For a given model (see Table 1 in [18] ) and heating rate, the linear plot of the left-hand sides vs.
T -1 permitted the determination of E a and A from the slope and the intercept, respectively.
Compensation effect
The activation energy and the pre-exponential factor may be combined due to the so-called compensation effect or isokinetic relationship (IKR) through: 25, 26 where α * and β * are constants and the subscripts, x, refer to a factor that produces a change in the Arrhenius parameters (conversion, heating rate and model). The intercept, α * = Ln k iso , is related to the isokinetic rate constant (k iso ), and the slope, β * = 1/RT iso , is related to the isokinetic temperature (T iso ). The appearance of the IKR indicates that only one mechanism is present, whereas the existence of parameters that do not agree with the IKR implies that there are multiple reaction mechanisms. 26 According to certain authors, 25 we may select the model whose IKR, in relation to the conversion, has the best linear correlation and in which the associated T iso value was near the experimental temperature range.
Invariant kinetic parameters method (IKP)
The IKP method 27, 28 is based on the observation that the experimental curve, α(T), could be approximately correct when described by several conversion functions. By using the apparent (7) (8) compensatory effect that exists when the model changes for each heating rate (β v , v = 1, 2, 3...), the compensation parameters, α v * and β v * , are determined according to Eq. (8) . A set of conversion functions, f j , where j = 1, 2, 3..., are also considered (Table 1 in reference 18 ). For each heating rate, β v and the pairs (A vj , E vj ) that are characteristic of each conversion are determined using an integral or differential method. In this work, the integral method suggested by C-R (Eq. (6)) and the differential method based on Eq. (7) will be used.
A plot of Ln[g(α)/T 2 ] vs. 1/T for a given form of g(α) ( Table 1) should be a straight line formed from the parameters LnA and (-E a /R).
Using the apparent compensation effect relationship, the compensation parameters (α It has been reported that the values of the invariant conversion function are proportional to their true values. 29, 30 Therefore, the IKP method aims to determine the invariant parameters independent of the kinetic model; comparing the invariant parameters to those obtained using other methods also allows us to determine which kinetic model is better for describing the process.
Master plots
Recently, the as-known master plots are becoming increasing employed for the determination of the reaction models for solid-state reactions. The master plots are curves of the (9) theoretical function of the reaction model and are independent of the Arrhenius parameters. The experimental kinetic data can easily be transformed into master plots, and the comparison between the theoretical and the experimental master plot leads to the selection of the appropriate reaction model, or at least, the appropriate type of kinetic model. There are two types of master plots: differential and integral. From Eq. (3) and Eq. (4), for differential and integral plots, respectively, using a reference at point α = 0.5, the following equations are obtained:
where ; p(x) has been obtained in the present paper according to the SenumYang approximation. 31 The plot of f(α)/f(0.5) versus α corresponds to the differential theoretical master plot, and the plot of g(α)/g(0.5) versus α corresponds to the integral theoretical master plot (details can be found in references 32,33]). Information regarding the temperature as a function of α and the value of E a must be known in advance to construct the experimental master plots for a given heating rate (Further explanation can be found in references 32-36).
Results and discussion
As previously mentioned, Teixeira et al. 12 have studied the crystallization of a wollastonite base glass using the Kissinger and Ligero methods. 37 In the present paper, the same data from the original experiments have been reassessed, and E a and LnA have been determined using several kinetic methods, specifically the isoconversional (KAS and Friedman) model fitting for a single, linear single heating rate, the IKR method employed under f(α) and heating rate variations, and the IKP method used with the integral and differential methods. Once the Ea inv and LnA inv parameters were obtained by using the IKP method, master plots were used to fit the experimental data using several functions of conversion. (10) (11) Figure 1 shows the variation of the activation energy with the degree of crystallization, ( ).
Isoconversional methods
From this figure, it can be observed that the KAS and Friedman methods yield E a values that are somewhat different over all ranges, although they are on the same order of magnitude. These differences may be because the models are derived from different calculations of Eq. (2), as reported by other authors.
14 All E a values determined from both methods exhibit standard errors lower than 10%. However, the results obtained using the Friedman method resulted in larger errors than those from the KAS method, as the way E a is obtained from the Friedman method is more sensitive to noise from DTA thermograms. 36 The shapes of the E a curves depicted from the two models are rather different, which could indicate the existence of more than one crystallization mechanism that fits the experimental results. Table 1 a) and b) provides the results after application of the integral Coats-Redfern (C-R) (Eq. (6)) and the differential (D) (Eq. (7)) methods, respectively. It can be observed that a wide variety of results depend on the applied mechanism. If the collected Ea values shown in Table 1 are compared with those determined previously using the isoconversional methods (357 and 386 kJ·mol -1 ), the function that yields a better fit to the experimental results corresponds to the Avrami mechanism, A 2 , for both the C-R and D methods. Nevertheless, the Ea values that were determined from the DTA thermograms using different heating rates vary noticeably, which indicates that the wollastonite crystallization process cannot be adjusted to any of the mechanisms shown in Table 1 . Therefore, these results suggest that there should be a more complex mechanism for the explanation of the crystallization process Table 1a . Integral parameters determined by using C-R (Eq. (6)) and the differential (Eq. (7) Table 1a .bis. Integral parameters determined by using C-R (Eq. (6)) and the differential (Eq. (7) Table 1b . bis. Differential parameters determined by using C-R (Eq. (6)) and the differential (Eq. (7) Table 2 shows the correlation parameters from applying Eq. (8) to each mechanism for all heating rates. As previously explained, the values of T iso can be obtained from the slope, β * . The most appropriate mechanism for the explanation of the crystallization process will be the one whose T iso was within the devitrification experimental range as shown from the original DTA thermogram (800-950ºC). Additionally, the fit must have a good regression coefficient (R 2 > 0.9) using the proposed mechanism. 14, 25 The integral results (Table 2a) show that the temperatures, T iso , for the A 3/2 , A 2 , R n and F n mechanisms are in the same range as experimental results; therefore, there is more than one mechanism that can fit the crystallization process. In the case of differential values (Table 2b) , the mechanisms that best fit T iso are A n . These results also confirm that the crystallization occurs through a complex mechanism. Table 3 shows the integral and differential compensation parameters determined from applying Eq. (8) to the data in Table 1a and b. At each heating rate, the mechanisms that resulted in better fits to the experimental results have been considered for calculations. In this case, all of the T iso values are within the experimental wollastonite crystallization range, and furthermore, the regressions are better than those presented in Table 2 . Taking the data collected in Tables 2 and 3 into account, it can be observed that the IKR method is unable to establish an appropriate model for this crystallization process.
Model-fitting methods
IKR method
IKP method
The invariant kinetic parameters obtained from Table 3 by applying Eq. (9) are E ainv = 386 ± 20 kJ/mol and Ln A inv = 37 ± 2 for the differential model and E ainv = 362 ± 23 kJ/mol and Ln A inv = 38 ± 2 for the integral model. It can be seen that both E ainv and Ln A inv determined from the integral and differential models are similar.
The E ainv and LnA inv values are in agreement with those reported in the previous paper 12 and are also similar to the values calculated for model A 2 (Table 1) .
Master Plots
Master plots have been drawn to verify the model, or models, results in better fits to the experimental results. Figure 2 shows the results of the differential master plot from the application of Eq. (10). The theoretical curves drawn (A 3/2, A 2 and F 1 ) are those that yielded the best fits to experimental data. For degrees of crystallization lower than 0.5, the experimental curve depicts a trend similar to the Avrami (A 3/2 and A 2 ) theoretical curves, whereas at higher conversion degrees, the mechanism that yield the best fit is F 1 , which indicates a first order reaction that is coincident with the Avrami mechanism for surface crystallization. These results disagree with those previously obtained using the isoconversional Friedman method. In Fig. 1 , the E a determined from the Friedman method is constant in the range of 0.05-0.45, whereas the master plot (Fig. 2) shows an unfitted Avrami-like mechanism. For > 0.45, the F 1 mechanism results in a better fit in the master plot, but Fig. 1 shows that this range corresponds to a multiplestep mechanism. Therefore, the wollastonite crystallization mechanism cannot be obtained by applying the Friedman method and differential master plot together. As final remark, it can be said that the kinetic methods applied in this study indicate a complex crystallization mechanism that agrees with the results previously reported by Teixeira et al. 12 i.e., the initial development of a crystallization shell that is composed of spherulitic crystal (threedimensional) followed by the growth of linear fibre-like crystals into the glass sample.
Conclusions
The complex crystallization mechanism of a wollastonite glass has been established from a non-isothermal kinetic study by means of differential thermal analysis. This study has allowed the determination of the activation energy (E a ), pre-exponential factor (A) and, when possible, the function of conversion (f( )). To assess the crystallization mechanism (single-and/or multiplesteps), both the integral Kissinger-Akahira-Sunose (KAS) method and the differential Friedman isoconversional methods were used. The isokinetic temperature (T iso ) was determined from the Isokinetic Relationship, whereas the Isokinetic Parameters method was used to obtain both the invariant activation energy (E ainv ) and the pre-exponential factor (A inv ). To determine the f(α), the Master Plots (differential and integral) were applied.
The activation energies, which were determined from the isoconversional methods, are in range 360-386 kJ/mol. These values agree with the Invariant Kinetic Parameters (IKP), which were obtained from the application of both integral (E ainv =362 kJ/mol) and differential (E ainv =386 kJ/mol) methods.
Isoconversional methods have revealed that the crystallization process occurs in two stages, a first step that has constant activation energy (single step mechanism) followed by a later step that is characterized by the variation of activation energy with the conversional degree (multi-step mechanism).
Master plots indicate that the wollastonite crystallization takes place through a complex mechanism. In the = 0.05 -0.4 interval, the three-dimensional growth of crystals with a constant number of nuclei (A 3 ) occurs on the surface of the glass particles. Later, in the = 0.4 -0.8 interval, the crystallization is adjusted to the A 3/2 mechanism, which means that onedimensional growth of needles occurs by diffusion control from the surface to the interior of glass particles.
